Introduction
L-Glutamate is a major amino acid neurotransmitter in the central neuronal system of mammalian brain, and plays a vital role in brain development, synaptic plasticity, neurotoxicity, and neuropathological disorders. [1] [2] [3] The basal and enhanced level of extracellular L-glutamate plays a key role in neuronal functions, because its level will determine whether L-glutamate has actions or negligible actions on most glutamate receptors. 4 Although the regional distribution and level of L-glutamate in the hippocampus of the brain is essentially important for understanding the fundamental processes of neuronal events, no in vivo data have been reported on the regional distribution of the L-glutamate level in the hippocampus; up to now, the in vivo level of L-glutamate has been reported mostly for corpus striatum, though its level varied over a wide range from a few μM to a few tens of μM.
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On the other hand, acute slices of hippocampal tissue offer experimental control of the neuronal network environment. The extracellular application of tetraethylammonium (TEA) chloride is known to elicit chemically induced synaptic potentiation (cLTP) in Cornu Ammonis 1 (CA1) [9] [10] [11] [12] and Cornu Ammonis 3 (CA3) 13 of hippocampal slices. In our previous work, 14 we monitored L-glutamate release at region CA1 under TEA stimulation with two independent sensors, i.e., a glass capillary-based enzyme sensor and a patch sensor. The extra-slice concentration level of L-glutamate obtained with a capillary sensor was in agreement with that obtained with a patch sensor, demonstrating the accuracy of each method. It was also shown that the concentration level of L-glutamate that diffused out of acute hippocampal slices into a bath solution reflected the extracellular one.
In the present paper, considering the importance of knowing the regional distribution of extracellular L-glutamate in acute hippocampal slices, we extend L-glutamate measurements to region CA3 of acute hippocampal slices with an implanted glass capillary sensor, a patch sensor and an enzyme-based imaging method. Based on in vitro measurements, we describe the regional distribution and level of extracellular L-glutamate in acute hippocampal slices under TEA and KCl stimulation. Comparisons of L-glutamate levels between two methods may help us to know the reliability of L-glutamate levels, because both sensors respond to L-glutamate with different sensitivity and selectivity.
The concentration level of extracellular L-glutamate released from region CA3 of mouse hippocampal slices under tetraethylammonium (TEA) chloride and KCl stimulation was measured with independent methods, i.e., a capillary-based enzyme sensor, a patch sensor, and an enzyme-based imaging method. The L-glutamate level was compared with those at regions CA1 and DG. It was found that the enhanced concentration level at CA3 by TEA stimulation is very similar to that at CA1, but it is much lower than that at DG. The order of the regional distribution of L-glutamate, i.e., DG > CA1 ≈ CA3, was the same as that obtained by K + stimulation. However, in the presence of an uptake inhibitor, DL-TBOA, KCl stimulation showed the strongest L-glutamate flux at CA1, while TEA stimulation exhibited the strongest flux at CA3. The usefulness of the present approach for knowing the extracellular L-glutamate level in acute hippocampal slices is discussed. 
Notes
Bioscience (Bristol, UK). All other chemicals used were all of analytical reagent grade. Milli-Q water (Millipore Reagent System, Benford, MA) was used throughout the experiments.
An artificial cerebrospinal fluid (ACSF) contained 0.12 M NaCl, 3.0 mM KCl, 2.0 mM CaCl2, 2.0 mM MgSO4, 23 mM NaHCO3, 1.2 mM NaH2PO4 and 11 mM D-glucose, saturated with a 95% O2-5% CO2 gas mixture. A TEA solution contained 95 mM NaCl, 5.0 mM KCl, 5.0 mM CaCl2, 0.10 mM MgCl2, 24 mM NaHCO3, 1.3 mM KH2PO4, 10 mM D-glucose and 25 mM TEA, saturated with a 95% O2-5% CO2 mixture. A KCl solution contained 0.12 M NaCl, 0.10 M KCl, 2.0 mM CaCl2, 2.0 mM MgCl2, 23 mM NaHCO3, 1.2 mM NaH2PO4, and 11 mM D-glucose, saturated with a 95% O2-5% CO2 mixture. An L-glutamate solution was prepared by dissolving L-glutamic acid in an ACSF.
Slice preparation
Adult male ddY mice (7-week-old) were killed by cervical dislocation, followed by decapitation, in accordance to the guide line of animal committee at Nihon University. Coronal slices (thickness 250 or 300 μm) were cut using a Dosaka DTK-1000 microslicer (Kyoto, Japan). For interface slice preparation, a hippocampal slice was transferred on a lens paper set in a home-made chamber and incubated for at least 30 min by running an ACSF.
For submerged slice preparation, a hippocampal slice was transferred in a chamber containing 0.50 mL of ACSF. A 95% O2-5% CO2 gas mixture flowed over the bath solution.
Preparation of a capillary sensor, current measurements and calibration
A glass capillary-based enzyme sensor was prepared as described in our previous paper. 15, 16 Amperometric measurements were performed at 0 V vs. Ag-AgCl with a computer-controlled electroanalytical system Cypress Model CS-1200 (Cypress Systems, KA). The sensor was implanted in region CA3 to a depth of ~10 μm with a manipulator. An ACSF at 30 -32 C ran underneath the hippocampal slice at a flow rate of 0.3 mL min -1 . A 95% O2-5% CO2 gas mixture flowed over the slice. Approximately 10 min after implantation of the sensor, a small portion (0.20 mL) of a TEA solution or a KCl solution was injected to its surface with a micropipette.
Calibrating the response of an implanted capillary sensor was performed by injecting a small aliquot (5 μL) of a standard L-glutamate solution into region CA3 through the tip (~10 μm) of a glass capillary implanted in the vicinity of the glutamate sensor. A calibration curve for L-glutamate was prepared by plotting the maximum current against the L-glutamate concentration (Fig. S1 (Supporting Information) ).
Preparation of a patch sensor, current recordings and calibration
An out-side out patch was formed by excising from the stratum pyramidale region of CA3, and the patch sensor was moved to approximately 25 μm above a target region, sufficiently apart from the excising place. Current recordings were performed at an applied potential of -60 mV with an Axopatch 200B patch-clamp amplifier with a built-in 1.0-kHz filter (Axon Instruments Inc., Burlingame, CA). A TEA stimulation was performed by a bath application at a flow rate of 0.4 mL/min. The response of a patch sensor was calibrated by injecting an L-glutamate solution to a bath solution (the final concentration 1.0 -5.0 μM) (Fig. S2 (Supporting Information) ) in the same manner as described in our previous papers. 14,17
Measurements of L-glutamate fluxes in the presence of an uptake inhibitor by an enzyme-based imaging method
The preparation of glutamate oxidase slips and capturing the digital images of L-glutamate fluxes were performed as described in our previous paper. 18 A TEA solution contained 0.60 mM HRP, 5.3 mM DA-64 and 0.10 mM DL-TBOA. A 0.20 M KCl solution was used, containing 0.60 mM HRP, 5.3 mM DA-64 and 0.10 mM DL-TBOA. Images were taken every 10 s with a CCD camera. All of the measurements were performed at 31 ± 2 C.
Results and Discussion

Monitoring of L-glutamate release with a capillary sensor and a patch sensor
The amperometric monitoring of extracellular L-glutamate release from region CA3 under TEA stimulation with a capillary sensor implanted at a depth of approximately 10 μm is shown in A shift in the current to a more negative value was observed a few minutes after the application of TEA (traces a and b), indicating the release of L-glutamate. On the other hand, no noticeable changes in the current were observed when an ACSF was injected instead of TEA (trace c). Two cases of the TEA-induced responses were found, i.e., the current increased monotonously (trace a, n = 4) and the current returned to the initial level before TEA application (trace b, n = 3). Such current-time profiles of TEA-stimulated glutamate release at CA3 were similar to those observed at Dentate Gyrus (DG) 15 and CA1. 14 The current-time profiles obtained with a patch sensor were similar to those obtained with a capillary sensor (Fig. S3 (Supporting Information)) . The concentration levels of L-glutamate obtained with capillary and patch sensors are given in Table 1 . The extracellular level of L-glutamate at CA3 was very close to the level at CA1, 14 but it was lower than that at DG. 15 The L-glutamate level at CA3 with a capillary sensor was slightly larger than the reported basal one (approximately 1.8 μM). [19] [20] [21] On the other hand, an L-glutamate level measured by a patch sensor should be lower than that measured with an implanted capillary sensor, because the patch sensor detects L-glutamate that diffused out of a slice. The concentration level 3 -5 min after the onset of TEA stimulation obtained with a patch sensor was significantly lower than that obtained by the implanted sensor. This supports the level of extracellular L-glutamate obtained with an implanted capillary sensor. In addition, when the L-glutamate levels obtained with teach sensor were compared within neuronal regions, the ratio (39%) of L-glutamate levels, i.e., patch sensor/capillary sensor, at CA3 was very close to 33% at CA1. This result strongly supports the reliability of the L-glutamate levels obtained by the both methods.
Monitoring of L-glutamate fluxes in the presence of an uptake inhibitor
The regional distribution of L-glutamate may reflect in part the activity of uptake processes at each neuronal region. We monitored the release of L-glutamate in the presence of an uptake inhibitor DL-TBOA by the imaging method using a GluOx slip. 18 The inhibitor DL-TBOA is known to inhibit sodium-dependent excitatory amino acid transporters (EAATs). [22] [23] [24] A hippocampal slice incubated with DL-TBOA was stimulated by the injection of a TEA (25 mM) solution containing DL-TBOA. The time-divided L-glutamate fluxes obtained with a GluOx slip are shown in Fig. 2 , together with that of the control experiment. The TEA-induced L-glutamate signal at each region was observed at an early stage (within 1 min) of stimulation, while no changes in the L-glutamate signal were detected in the absence of DL-TBOA. The magnitude of the L-glutamate flux in the presence of DL-TBOA was in the order of CA3 > CA1 ≈ DG, showing that the release of L-glutamate at CA3 is highly sensitive to DL-TBOA. This observation is supported by the fact that EAATs are distributed differentially within neurons and astroglia; 25 EAAC1 (EAAT3) is highly enriched in hippocampus with distribution of CA1, CA3 > DG, while EAAT4 is present in trace amount in hippocampus. 26 Based on these results, it is concluded that the activity of uptake processes plays a key role in maintaining the low level of extracellular L-glutamate at CA3.
Monitoring of L-glutamate release by KCl stimulation
It will be interesting to compare the regional distribution of L-glutamate between TEA stimulation and KCl stimulation, because TEA is known to be a K + -channel blocker. 27 The KCl-enhanced level of extracellular L-glutamate at CA3 detected by an implanted capillary sensor was found to be 4.1 ± 0.6 μM (n = 3), which is comparable to 4 ± 2 μM at CA1, 15 but it is lower than 22 ± 12 μM at DG. 15 The regional level of KCl-stimulated L-glutamate release was close to that observed 7.5 ± 2.6 (n = 4) 2.9 ± 1.6 (n = 4) by TEA stimulation. It is known that KCl-stimulated release of L-glutamate at CA1 is strongly sensitive to the uptake process. 18 However, in the case of TEA stimulation, the glutamate release at CA3 was the most strongly affected by the uptake inhibitor (vide supra). Our expectation for this difference is that the concentration of extracellular Mg 2+ was low for the case of TEA stimulation (see Experimental section), and hence the depolarization elicited by TEA could activate N-methyl-D-aspartate (NMDA) receptors, which is known to exhibit a strong voltage-dependence. 27 The activation of NMDA receptors appeared to play a role in enhancing L-glutamate release from region CA3.
In conclusion, we demonstrated for the first time the regional distribution and level of extracellular L-glutamate in mouse hippocampal slices under TEA and KCl stimulation. The results demonstrate that the distribution and level of L-glutamate in acute hippocampal slices are not homogeneous. Knowing the spatiotemporal distribution and level of L-glutamate at each neuronal region will help us to understand the neuronal events under chemical and electric stimulation.
